Abstract Improvements in the care of kidney transplant recipients and advances in immunosuppressive therapy have reduced the incidence of graft rejection. As a result, other types of kidney transplant complications, such as surgical, urologic, parenchymal, and vascular complications, have become more common. Although vascular complications account for only 5-10 % of all post-transplant complications, they are a frequent cause of graft loss. Ultrasonography, both in B-mode and with Doppler ultrasound, is a fundamental tool in the differential diagnosis of renal allograft dysfunction. Doppler ultrasound is highly specific in cases of transplanted renal artery stenosis, pseudoaneurysms, arteriovenous fistulas, and thrombosis with complete or partial artery or vein occlusion. A single measurements of color Doppler indexes display high diagnostic accuracy and in particular cases are more useful during the post-transplantation follow-up period. More recent techniques, such as contrast-enhanced ultrasound, undoubtedly increase the accuracy of ultrasonography in the diagnosis of vascular complications involving the transplanted kidney.
Introduction
Over the past 20 years, the availability of calcineurin inhibitors and other new classes of immunosuppressive drugs has significantly reduced the incidence of rejectionrelated loss of renal transplants and pushed other types of complications to the forefront [1] . The latter consist mainly of surgical/urological events and parenchymal complications, which occur in 45-60 and 25-30 % of all cases, respectively [2] . Although vascular problems account for only 5-10 % of all post-transplant complications, they can be a frequent cause of graft loss [1] . The principal vascular complications are stenosis and/or thrombosis of the renal artery and/or vein, segmental renal infarction, dissection of the iliac and/or renal artery, and the development of arteriovenous fistulas (mainly after biopsy) and pseudoaneurysms ( Table 1) .
Evaluation of the vascular axis of the transplanted kidney: examination technique
Color Doppler ultrasonography (CDUS) of the transplanted renal artery and the rest of the graft's vascular axis should include full length of the vessels. To minimize the risk of technical failures, the examination protocol should be standardized. The examination should begin with a B-mode assessment of the aorta, the aortoiliac axis, the external iliac artery, and the origins of the transplanted vessels. Before starting, it is useful to read the operative report to get a clear idea of the procedure used and the number of arteries transplanted [3] . For the color Doppler analysis, the color box area should be restricted to the region to be examined to improve the frame rate (FR). The clinician should adjust the pulse repetition frequency (PRF) (approximate range 1.5-3 kHz), the wall filter (100 Hz), and the color gain to obtain an optimal image, i.e., a uniform red or blue map with no aliasing or color diffusion effects into the perivascular tissues (color bleed) [4] . Finally, the spectral analysis module is activated: the sample volume is positioned in the lumen of the renal artery and the velocity/time (V/t) curve recorded. The size of the sample volume (2-4 mm) should be adjusted to allow homogeneous insonation of the vessel without producing oversampling/undersampling artifacts [4] . The V/ t curve should be recorded several times with optimal insonation angles (\60°) because the diagnosis of renal artery stenosis in the graft is based exclusively on absolute velocity values [measurement of the peak systolic velocity (PSV)] (Fig. 1 ).
Transplanted renal artery stenosis (TRAS)
Transplanted renal artery stenosis accounts for 75 % of all vascular complications. It is generally observed 3-24 months after the surgical procedure although it can really occur at any time [3] . Transplanted renal artery stenosis is a relatively frequent complication, with a prevalence that ranges from 1.5 to 4 % [5] and an incidence between 1 and 23 % [6] . The Table 1 Complications of the transplanted kidney Early complications 50-60 % • Acute tubular necrosis (10-30 %)
• Acute rejection (20-40 %)
• Renal artery thrombosis (rare)
• Renal vein thrombosis (rare)
• Urinary obstruction
• Urinary hemorrhage and/or leak (6 %)
• Fluid collections (abscess, hematoma, lymphocele, urinoma) • Cyclosporine and tacrolimus toxicity wide variability of reported incidence rates reflects a lack of consensus on the definition of hemodynamically significant TRAS. The definitions reported in the literature vary from 50 to 80 %, and there are also differences in the characteristics of the study population (presence/absence of chronic renal failure, arterial hypertension, etc.). Moreover, in several cases angiographic documentation of the stenosis is also lacking. One of the best-designed studies in terms of the methods used revealed an incidence of 12.4 % [7] .
Risk factors for TRAS include atherosclerotic disease in a donor vessel, cytomegalovirus infection, delayed restoration of renal function, and transplantation of a pediatric kidney in an adult recipient [7] . TRAS should be suspected when the patient has poorly controlled blood pressure and/or a progressive decline in renal function that cannot be attributed to other obvious causes (rejection, obstruction, infection) or that follows the administration of ACE inhibitors or angiotensin receptor blockers [3] .
In about half of all TRAS cases, the stenosis involves the anastomosis site, and it is iatrogenic, i.e., caused by scarring related to the explanation, clamping, and/or anastomosis of the vessel with the iliac artery axis [8] . Less commonly multiple segments of the artery (or even the entire vessel) are stenotic. In these cases, the stenosis is generally the result of catheter-related trauma to the intima during the phase of cold ischemia, but it may also be caused by torsion and/or kinking after surgical implantation [8] .
Since TRAS is a major cause of graft dysfunction and/or loss, prompt diagnosis and treatment can significantly improve graft survival. Ultrasound studies, particularly color Doppler imaging, play important roles in the screening, diagnosis, and follow-up stages although angiography is still the gold-standard in this setting [3, 9] . The increased use of CDUS and/or other, more complex imaging studies, such as computed tomography (CT) or magnetic resonance imaging (MRI) has led to an increase in the incidence of asymptomatic cases of TRAS [10] .
Color Doppler ultrasound criteria for the diagnosis of TRAS
Difficulties can arise during CDUS examination of the transplanted renal artery. Marked tortuosity of the vessels can lead to erroneous insonation angles, reducing the accuracy of PSV measurements; other sources of error are renal artery stretching and/or kinking, which can cause false acceleration [11] . Renal blood flow is strongly dependent on renal function, so defining a precise PSV threshold for the diagnosis of TRAS (unlike stenosis of the native renal artery) is not possible. In the absence of hemodynamically significant stenosis, the PSV of the RA in a hypertrophic, well-functioning transplanted kidney may exceed 250-300 cm/s along the full length of the artery. In contrast, in the presence of chronic graft dysfunction with reduced organ volume, a focal PSV of 180-200 cm/s may be suggestive of significant TRAS, particularly when the other segments of the artery exhibit markedly lower PSVs (40-50 cm/s). Therefore, focal acceleration of flow that is 2.5 times higher than the pre-or post-stenotic velocity (e.g., PSV 250-270 vs. 80-120 cm/s) represents a direct criterion for the diagnosis of TRAS. The PSV threshold for defining hemodynamically significant stenosis varies somewhat from author to author [12, 13] , but there is a reasonable level of consensus that a value of 250 cm/s is still within the normal range, whereas higher velocities predict significant stenosis with high sensitivity and specificity (Table 2 ) [14, 15] . Some authors have pointed out that the PSV threshold for stenosis may vary depending on the type of anastomosis (end-to-side vs. endto-end) created between the renal artery and iliac vessels. They also maintain that the best Doppler criterion for diagnosis of TRAS, regardless of the type of anastomosis, is a stenotic renal artery PSV that is [13 times higher than that of an interlobar artery [16, 17] (Table 3) . A limited number of studies have attempted to identify the presence of TRAS using contrast-enhanced ultrasound, but the role of this technique is still unclear [18] . In contrast to the diagnosis of native renal artery stenosis, indirect signs are of little use in the diagnosis of TRAS because the transplanted artery can be directly visualized in most cases, its tardus-parvus waveform cannot be compared with that of the contralateral kidney, and because the resistance to flow is influenced by numerous variables [19] except in particular cases (Fig. 1) . Acceleration time is the only indirect index that displays high sensitivity in the diagnosis of TRAS, but only when the degree of stenosis exceeds 80 % [19] (Table 3) . Secondary effects, such as turbulence, reverse flow, and spectral dispersion, can be evaluated in the segment immediately downstream from the stenosis.
In clinical practice, it can be very difficult to distinguish between a true stenotic lesion and torsion/curving of the renal artery, which also exerts hemodynamic effects on blood flow and the maximum PSV (Peak Systolic Velocity max); Power Doppler imaging can be useful in these cases. The iliac arteries should also be examined to evaluate the preanastomotic PVS max because iliac stenosis can lead to reduced renal function similar to that observed in the presence of TRAS. For this reason, the recipient's iliac vessels must also be subjected thorough pretransplant color Doppler exploration. Narrowing of arterial vessels within the graft has been reported, but it is difficult to visualize with CDUS or with angiography. CDUS is also particularly useful during follow-up and in the diagnosis of recurrence of TRAS after treatment [19] .
Thrombosis of the transplanted renal artery
Frank occlusion of the renal artery is a very rare occurrence with negative prognostic implications: it occurs very early during the postoperative period and leads inexorably to graft loss. The sensitivity and specificity of CDUS in the diagnosis of renal artery thrombosis are close to 100 %. Occlusion of the main renal artery is reflected on CDUS by the absence of arterial flow within the kidney (distal to the site of occlusion) along with the complete absence of venous flow [19] . Occlusion involving a segmental artery leads to segmental infarction, which is reflected by the absence of arteriovenous flow only in the affected segment. Power Doppler imaging can be helpful in cases of this type because of its excellent capacity for identifying low-flow vessels, but in certain cases, angiographic confirmation of the diagnosis is still necessary [20] .
Thrombosis and stenosis of the transplanted renal vein
Thrombosis of the transplanted renal vein (TTRV) is also a rare event: it occurs in approximately 4 % of cases, generally during the immediate postoperative period. It can be complete, in which case it leads to loss of the graft, or partial [21, 22] . Surgical problems (complications, technical errors), hypovolemia, thrombosis of the iliac axis, and compression caused by perinephric fluid collections (lymphocele, urinoma, etc.) are among the most common causes (Fig. 3) . TTRV should be suspected when there is a sudden drop in urine output and enlargement of the graft with tenderness, swelling, proteinuria, and deteriorating renal function [19] .
Color Doppler ultrasonography plays an important role in the diagnosis and follow-up of this complication. In the presence of complete TTRV, the vessel is characterized by scarce or absent compressibility, and the B-mode examination reveals renal enlargement, reduced parenchymal echogenicity, diminished/absent corticomedullary differentiation, and disappearance of the renal sinus and collecting system (all of which are nonspecific). The two most important CDUS findings are the absence of the venous color signal (reflecting absence of vascularization) and reverse diastolic flow within the renal artery [22] (Fig. 2) . In the presence of complete TTRV, it is also impossible to demonstrate the intrarenal veins at the level of the hilum, and the high resistance caused by the renal vein thrombosis results in pathognomonic bidirectional flow in the intrarenal arteries (the arterial waveform will be positive during systole and negative during diastole [23] . The net flow across the kidney drops to zero, as does the mean flow velocity for each cardiac cycle. This bidirectional flow is so specific for TTRV that it is regarded as an indication for immediate surgical revision of the graft without further diagnostic confirmation. Stenosis of the transplanted renal vein is rare. It may be the result of compression of the vein by a perinephric fluid collection (Fig. 3) or perivascular fibrosis. The CDUS findings are not as conclusive as they are in cases of TTRV. Indeed, the parenchyma may appear normal or mildly hypoechoic. A 3-4-fold increase in the PSV between the stenotic and prestenotic segments is regarded as highly suggestive of focal stenosis [19] .
Angiography should be used only to confirm or treat stenosis in patients with positive CDUS findings or in cases in which there is a strong clinical suspicion of stenosis despite the indeterminate or equivocal imaging findings.
Arteriovenous fistulas and pseudoaneurysms
These two lesions are reported mainly as biopsy complications. Their incidence ranges from 1 to 2 %. Arteriovenous fistulas (AVFs) develop as a result of damage to the walls of an artery and a vein during needle biopsy of the kidney. In contrast, pseudoaneurysms can develop when the damage is limited to the arterial wall [19] . Both lesions are generally small, clinically silent, and likely to resolve spontaneously [19, 24] .
On ultrasound, pseudoaneurysms appear as small cystlike anechoic areas containing finely hyperechoic material representing internal thrombi. CDUS reveals turbulence and ''to-and-fro'' flow resembling to that seen in pseudoaneurysms involving the arterial extremities [24] .
Arteriovenous fistulas can be visualized in B-mode only if they are large. On CDUS, they appear as focal areas with both arterial and venous flow (color mosaic pattern) (Fig. 4) : this pattern can be differentiated from high flow patterns by increasing the PRF until only the area with anomalous, accelerated flow inside the AVF is visualized. This maneuver almost always produces diagnostic results. Spectral analysis may show increased systodiastolic flow in the area of interest with resistive and pulsatility indexes that are often normal or lower than those of nearby vessels, whereas venous flow may be normal or turbulent, and pulsatile acceleration is present in around 33 % of all cases [25] . In rare cases, AVFs are large enough to reduce renal perfusion and cause graft ischemia; pseudoaneurysms can cause complications if they rupture. Patients with large AVFs, who undergo repeated renal biopsies are at increased risk for hemorrhagic complications. For AVFs, the need for treatment is related to the size of the lesion. With pseudoaneurysms, there is always the risk of rupture, and for this reason, they should always be treated.
Rare vascular complications
Torsion of the vascular pedicle of the transplanted kidney is extremely rare. It is caused by intraperitoneal placement of the graft (which occurs during combined renal-pancreatic transplants) [19] . Because of its increased mobility, the kidney may rotate around the vascular pedicle, causing vascular occlusion that will lead to parenchymal necrosis and graft loss if not identified promptly. The clinical presentation varies: it may resemble acute rejection or renal vein thrombosis. Ultrasonography can facilitate the diagnosis by documenting a change in the orientation of the kidney, so that the hilum is anterior rather than posterior [26] . Color Doppler ultrasound findings are variable with low diagnostic accuracy. Dissection of the iliac artery and renal artery are extremely rare events, which are caused by dissection of the aorta and present the same features on CDUS.
Conclusions
In expert hands, color Doppler ultrasound can be a valid tool for the diagnosis and follow-up assessment of the vascular complications of renal transplantation. However, additional, well-designed studies are needed to further validate its role in these settings, and the nephrologist responsible for the transplant recipient must be well versed in both the theory and practice of ultrasonography.
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